Trial induction hot bends as well as laboratory tests were carried out in order to develop the heavy wall bent pipe with high strength (API-5LX60 to 70) and high toughness.
I. Introduction
The demand on bent pipes, recently, has been increased intended for riserbend and complex expansion loops along offshore pipelines. Consequently, heavy wall line pipes with high strength and toughness at low temperatures are demanded for such purpose.
The controlled-rolled (CR) plate of low carbon steel (i.e., low PCM steel) is applied to the line pipes obtaining high strength, high toughness and good weldability.l-3) However, as hot bent pipe is produced by induction bending process, the mechanical properties of bent pipe could be changed from those of mother pipe. The HSLA steels exhibiting high strength and good toughness may be changed in their properties by thermal history due to induction bending, and degree of changing may be larger than that of plain carbon line pipe steel with low grade.
Therefore, the base material and heat treatment condition for the fabrication of bent pipes are examined. When submerged arc welded pipe is induction bent, the weld metal properties are also of interest, since the weld metal chemistry can be different from that of parent pipe. This paper describes the fundamental research on change of mechanical properties due to induction heating from these points of view and actual bending test to obtain heavy wall high grade bent pipe. The aiming properties of the bent pipes are as follows :
Wall thickness : up to 35 mm Grade : up to API-5LX70 Toughness : 70J at -30 °C (-22 °F) (Charpy impact test 2 mm Vnotch)
II. Characteristics of Bent Pipe During the induction bending process, the pipe is usually heated into the austenitic range while a hydraulic ram pushes the pipe around a radius. A water spray from the coil quenches the pipe, thus stopping the deformation. This results in an austenitized and quenched metallurgical structure. The characteristics of the induction bending process are as follows :
(1) A rapid rise in temperature is achieved by using induction heating.
(2) The time at bending temperature is usually shorter than that of heat treatment by batch type furnace. Figure 1 shows the transformation temperature and the austenite grain size of the pipe material heated up rapidly by induction heater. The Ac3 temperature was increased by the heating rate larger than 20 °C/ sec, while no change was observed in heating rate range of 10~ 18 °C/sec, corresponding to heating by high frequency induction coil. Grain coarsening of the austenite formed during bending is greatly influenced by the steel composition, the austenitizing temperature and time, and the austenite grain size of Nb bearing line pipe steel was not coarsened by the heating up to 1 000 °C. Therefore the rapid heating is desirable from the grain size point of view. The microstructural change before and after heat treatment by induction heating was compared with that by batch type furnace in Photo. 1. Fine microstructures were obtained in base metal as well as weld metal by induction heating. The microstructure in the HAZ was similar to that of base metal.
III. Design of Base Metal
In order to investigate the properties of bent pipe, six kinds of steels including various chemistries were selected, and variation of mechanical properties after heat treatment was examined by means of simulated heat-cycle tester as shown in Fig. 2 . Table 1 shows chemical compositions of materials tested. They cover the Mo-V, high Nb, Nb-V and Cr-Mo line pipe steels. Figure 3 shows the tensile test results of base metal for various bending parameters. When the heating temperature is high and cooling speed is rapid, the strength of bent pipe is high because of sufficient austenitic transformation followed by bainitic transformation during cooling (see Photo. 2). I n case of heating up to 850 °C, the ferrite-austenite microstructure is changed to bainite partially during cooling, resulting low strength. Figure 4 shows the strength of pipe material heated up to 950 °C and cooled. Some of them were tempered by batch type furnace. In case of as-water cooled condition after bending, the yield strength is low while the tensile strength is high. By further tempering, tensile strength is slightly decreased although yield strength is increased. Fig. 2 (421) Figure 5 shows the effect of cooling rate and tempering on Charpy absorbed energy of three types of line pipe materials. Steel A of 0.35 % in carbon equivalent has high toughness even in as-water cooled condition after bending.
However, low toughness was obtained in other materials with high carbon equivalent unless the tempering is performed.
Consequently the tempering process is desirable for the fabrication of high grade bent pipe.
Iv.
Design of Weld Metal
In as-welded condition, high proportion of acicular ferrite, by virtue of its small grain size and high angle boundaries, is regarded as being the most desirable microstructural feature, from a strength and toughness points of view, in low carbon low alloy steel weld metals.
In the case of as-welded condition, the impact energy is low at both sufficiently low and high hardenability of weld netal.4'5> A high proportion of acicular ferrite at which the highest toughness has occurred is obtained in the weld metal when the alloying content, oxygen content and cooling rate are combined properly.
However, there is no reason that high toughness of weld metal can be obtained after bending even if high toughness before bending. Figure 6 shows the changing in toughness for two different types of weld metals.
For the bent pipe, it is clear that low oxygen weld metal with small amount of alloying contents is desirable. Figure 7 shows the effect of oxygen levels on the toughness of weld metal after bending and tempering. Low temperature toughness of weld metal after bending and tempering is improved greatly by decreasing oxygen levels less than 350 ppm, while the carbon equivalent of weld metal is also important.
A schematic illustration of basic conception to obtain high toughness of weld metal after bending is shown in Photo. 3. An uniform fine ferrite microstructure produced by the combination of low oxygen level and small amount of alloying contents can provide good low temperature toughness after bending.
V. Actual Production of Bent Pipe
Through simulation tests results, the chemistry of line pipe material, welding material and bending parameters were selected suitable for bent pipe. Then, heavy wall API-5LX linepipes including grade X56 through X70 were bent by the induction bending machine. Pipes bent at 950 °C heating with bending radius of 3DR and traveling speed of 35 mm/min were cooled by water spray followed by tempering. Special welding materials with low oxygen levels were used for the longitudinal seam to maintain high toughness at low temperatures. The temperature difference between outside and inside was about 50 to 100 °C, and the cooling speed was 5 to 15 °C/sec. 1986 approximately, the wall thickness of compression side increased up to 20 % over its original wall thickness after bending while the wall thickness of tension side decreased down to 10 %, and variation of circumferential length and thickness was sufficiently small. The ovality of bent pipe was up to 2 %. Photograph 4 shows the microstructures of bent pipes compared with quenched and tempered pipes in batch type furnace. Microstructure of bent pipe was finer grain size in comparison with that of furnace heat-treated pipe.
Photograph 5 shows the microstructures of welded portion. Fine grained microstructure was obtained in welded portion of bent pipe, especially in the HAZ as same as that of base metal, resulting high toughness. Table 2 shows the mechanical properties of bent pipe in comparison with those of mother pipe. Superior toughness was obtained in high-Nb containing steel (Steel B) because of fine grained microstructure due to Nb (C, N) precipitation, while strength was rather low. In Nb-V steel (Steel C) and Cr-Mo steel (Steel F), the strength corresponding to X60 X70 was obtained, and sufficient toughness was achieved at -30 °C (-22 °F).
Further research will be needed in some points. Firstly, the mechanical properties of tangent portion have to be considered. Normally the tangent portion is not heated up during bending process, and is the same as mother pipe or just tempered. Therefore, it is important to select the chemistry of line pipe which gives sufficient mechanical properties in both before and after bending. Secondary heating and cooling process should be improved for the fabrication of heavy wall high grade bent pipe. Heating and cooling from both sides (outside and inside) can Photo.
3. Basic conception to obtain high toughness on weld metal after bend ing. 
Transactions ISIJ, Vol. 26, 1986 provide better properties than normal outside heating and cooling process. Finally, flattening for tensile test according to API gives some amount of loss in yield strength due to Bauschinger effect. This requires excess grade for line pipes. The specification of tensile test procedure should be reconsidered.
VI. Conclusion
Simulation and actual bending tests were carried out on heavy wall high grade line pipes. Test results obtained are summarized as follows :
(1) The bent pipes of API 5LX grade X60 to X70 with wall thickness up to 35 mm were developed by using line pipe steels having low carbon equivalent value with range of 0.38 to 0.43 % (P~n1 range is 0.18 to 0.22 %).
(2) Heat treatment of tempering after bending followed by water cooling can provide stable strength and toughness at low temperatures.
(3) The weld metal toughness of bent pipe is improved by a uniform fine ferrite microstructure produced by the combination of low oxygen levels and small amount of alloying contents.
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